We present results on deep sub threshold hyperon production in nuclear collisions, with the UrQMD transport model. Introducing anti-kaon+baryon and hyperon+hyperon strangeness exchange reactions we obtain a good description of experimental data on single strange hadron production in Ar+KCl reactions at E lab = 1.76 A GeV. We find that the hyperon strangeness exchange is the dominant process contributing to the Ξ − yield, however remains short of explaining the Ξ − /Λ ratio measured with the HADES experiment. We also discuss possible reasons for the discrepancy with previous studies and the experimental results, finding that many details of the transport simulation may have significant effects on the final Ξ − yield.
I. INTRODUCTION
The study of strange hadrons (hyperons) has always been a focus in dedicated heavy ion experiments. Since strangeness has to be produced as s + s pair, its production mechanism may give us insight in the properties of the matter produced at relativistic nuclear collisions [1, 2] . In p+p collisions there is a strict energy threshold for the production of hyperons, given by the sum of the hyperon and kaon masses. In collisions of nuclei, with a significant number of secondary reactions, this threshold is essentially lifted [3] and the rate of strangess production can help us understand the collision dynamics. In several previous works it was indicated that the production rates and properties of kaons, in low energy nuclear collisions, are a promising probe to extract the medium interactions of kaons [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . At high beam energies √ s N N > 5 GeV the production rate of strange particles, in central heavy ion collisions, is well estimated by a grand canonical fit to the particle yields (see e.g. [17, 18] ), indicating that strangeness may approach chemical equilibrium. At lower energies canonical effects and/or finite size effects have to be taken into account to explain the yield of strange hadrons. An important question is whether this equilibration of strangeness is directly related to the onset of deconfinement, or if hadronic interactions are sufficient to equilibrate the chemical composition of the produced fireball. Microscopic transport models generally underestimate the yield of strange (and especially multi-strange) hadrons, at higher collision energies √ s N N > ∼ 5 GeV, but it is unclear if this is merely due to missing hadronic strangeness production reactions. Important for the understanding of the production of strange hadrons through hadronic channels, are nuclear reactions where strange hadrons are produced below the threshold energy of the corresponding elementary p+p collisions. The threshold center-of-mass energies in p+p collisions are m p + m K + m Λ = 2548 GeV for Λ production and m p + 2m K + m Ξ = 3240 GeV for Ξ production. Here, the production rate depends strongly on multiple secondary interactions and is therefore escpecially sensitive to, hadronic production channels. The HADES [19] [20] [21] [22] and FOPI [23] [24] [25] [26] experiments at the SIS18 accelerator have recently measured strange particle yields from collisions of nuclei at beam energies of E lab = 1.76 and 1.23 A GeV, supplementing earlier KAOS measurements [27] . The purpose of this paper is to show how the hadronic transport model UrQMD can be extended to include most relevant strange hadron production mechanisms used to calculate strange particle ratios at beam energies where hyperons are produced below their p+p threshold. The results from the model will then be compared to experimental data and a thermal model fit to the data. We will also make predictions for strange particle yields expected for Au+Au collisions at a beam energy of E lab = 1.23 A GeV.
II. STRANGENESS EXCHANGE REACTIONS IN URQMD
To estimate the production of strange particles through hadronic channels, we will employ the hadronic Ultra-relativistic Quantum Molecular Dynamics model (UrQMD) [28, 29] . The model is based on an effective microscopic solution of the relativistic Boltzmann equation [30] :
This equation describes the time evolution of the distribution functions for particle species i and includes the full collision term on the right hand side. It includes 39 different hadronic species (and their anti-particles) which scatter according to their geometrical cross section. The allowed processes include elastic scatterings and 2 → n processes via resonance creation (and decays) as well as string excitations for large center-of-mass energies ( √ s > ∼ 3 GeV) .
Previous versions of the model did not include strangeness exchange processes like the exchange of the strange quark from a strange meson to a nucleus, i.e. K +N ↔ π+Y (where Y is a strange Baryon) which have been found to be important in other transport model calculations [12, 14, 31, 32] . These reactions are measured by experiment and we include them in the UrQMD model, using cross sections parametrized by a fit to available experimental data [33] :
The parametrized cross sections together with the data are shown in figure 1. All other possible iso-spin channels and the necessary back reaction follow from isospin symmetry and detailed balance relations which are implemented in the most recent version of the UrQMD transport model (UrQMD v3.4 1 ). In nuclear collisions, at low beam energies, BaryonBaryon interactions play an important role in the description of the collision dynamics. We therefore expect that another important strangeness exchange reaction, the two hyperon exchange Y + Y → Ξ + N , will be important for the production of doubly strange hyperons [34] . As there exist no direct measurements of these reaction cross sections, we have to employ an effective model to estimate the associated cross sections. In the present study we will use the cross sections provided by Feng Li et. al. [34] and the back reaction is calculated according to detailed balance. Feng Li et. al. employed a gauged flavor SU(3)-invariant hadronic Lagrangian [35] , and calculated the cross sections for the strangeness-exchange reactions Y + Y → N + Ξ in the Born approximation.
Since UrQMD is a microscopic transport model with explicit local conservation of energy, momentum and charge, we need to implement iso-spin dependent crossections of the hyperon+hyperon strangeness exchange reactions. These can also be inferred from the model used in [34] . The specific isospin dependent cross sections for Y + Y → Ξ + N are then given by
where s = (p 1 + p 2 ) 2 and t = (p 1 − p 3 ) 2 are the usual squared center-of-mass energy of the colliding hyperons and the squared four momentum transfer in the reaction; p i are the momenta of the ingoing hyperons in their center of mass frame, s 1,2,1 ′ ,2 ′ and I 1,2,Y,N,Ξ are the spins and isospins of the incoming hyperons and outgoing nucleon and Ξ. The explicit, iso-spin dependent Matrix elements and scattering amplitudes are given in appendix A. Combining the coefficients listed in equations(A3) with eq. (A1), we then obtain the cross sections of all possible reaction channels. The resulting crossections for the iso-spin dependent channels then are parametrized as: and they are also presented in figure 2 as function of the two particle (hyperon) center-of-mass energy. As one can see, there is a significant isospin dependence in the exchange reactions and all, except the Λ+Λ reaction, are exothermal.
III. RESULTS
After implementing the above cross sections, we apply the UrQMD model in its standard settings, i.e. only binary elastic and inelastic and 2 → n inelastic reactions (plus resonance decays) without nuclear potentials (no nuclear equation of state as e.g. in [36] [37] [38] ). We investigate nuclear collisions of Ar+KCl at E lab = 1.76 A GeV with an impact parameter of b < 5 fm and Au+Au collisions at E lab = 1.23 A GeV with an impact parameter of b < 9.5 fm according to specifications from the HADES experiment. Comparisons of strange particle production with presently available HADES data are shown in figure  3 . Here we compare results where we only allow for the K + N ↔ π + Y exchange reaction with those where we also allow the Y + Y ↔ Ξ + N exchange reaction. It is clearly visible, that the K + N ↔ π + Y nicely describes the ratios of single strange particles, measured by the HADES collaboration [19] [20] [21] [22] .
When including the hyperon+hyperon strangeness exchange, we find that the exchange reaction is the dominant source of Ξ − at the investigated energies. When compared to a thermal fit [20, 39] (grey crosses), we also get a reasonable agreement between the transport simulation and all the thermal yields, indicating that the microscopic simulation yields particle numbers close to chemical equilibrium. The conclusion, that the Ξ yield is close to its equilibrium value, is also supported by the fact that an increase of the Y + Y ↔ Ξ + N crossections by a factor of 2 only leads to a mild increase of the Ξ − /Λ ratio of 10%. When we compare our results for the Ar+KCl reaction (open symbols) with the Au+Au collisions (full symbols) at the lower beam energy of E lab = 1.23 A GeV, a particularly interesting result of our study is, that apparently the Ξ − /Λ ratio does not change with beam energy, while the K − /π ratio does show a clear beam energy dependence. Furthermore, we observe a large discrepancy between our result and the Ξ − data (roughly a factor of 10 in the Ξ − /Λ) as well as to the earlier study by Li et. al. [34] , where the Relativistic Vlasov-UhelingUhlenbeck (RVUU) transport model [32, 40] was used to calculate the Ξ/Λ ratio.
IV. DISCUSSION
In the following section we will discuss the discrepancy between our results and the data and/or the earlier RVUU transport study. One difference in the reaction dynamics, and specifically in the production of hyperons, between the two transport models (RVUU and UrQMD) is that RVUU allows for a direct associated production of Λ's and kaons while in UrQMD, at this low energy, all Λ's are produced via resonance decays. This leads to a delayed production of Λ's and consequently a dilution of Λ phase space density. To estimate the effect of a direct production mechanism we set the lifetime of baryonic non-strange resonances in UrQMD to essentially zero and recalculated all ratios. The results are presented in figure 4. On can clearly see that the Ξ/Λ ratio is increased significantly (as are many other ratios). Another difference in the way the Boltzmann equation UrQMD results on strange particle ratios with (black squares) and without (red circles) the hyperon+hyperon strangeness exchange reaction. we compare our results with HADES data [19] [20] [21] [22] , a thermal fit to the HADES data on Ar+KCl at 1.76 A GeV (grey crosses, [20, 39] ) and a previous study employing the same crossections as in our study [34] .
is solved in the two models is that UrQMD uses a microscopic geometrical interpretation of the scattering crossections with physical particles, while RVUU is based on the propagation and scattering of test particles. To estimate the effects of the systematic uncertainty, related to these different methods, we apply UrQMD in a test particle mode. This mode essentially multiplies the number of particles present in the collision by n, while all the scattering cross sections are consequently divided by n. The results for the particle ratios with 3 and 10 test particles are also shown in figure 4 as horizontal bars. Again the test particle method increases the Ξ/Λ and Ξ/π ratios, but leaves all other ratios constant, indicating that these ratios, not including the Ξ, are already close to their equilibrium values. Note that an effect of the test particle method on Ξ production is, that the rarely produced hyperons can now rescatter with another hyperon test particle, even in collisions where only a single real hyperon is produced (self interaction). Another difference between our approach and the one employed by Li et. al. [34] is that we did not use iso-spin averaged cross sections. At the moment we cannot exclude that the production yields of the different isospin states of the hyperons can have an influence on the exchange probabilities (i.e. when only two Σ − are produced, no Ξ can be formed by a exchange process, while this would be possible in the case of isospin independent cross sections).
Both effects together (the instant creation and test particle method) can therefore account for a large portion of the difference in the model calculations. However, this does still not explain the deviation from the experimen- tally measured yield. Nevertheless, the systematic uncertainties in the Λ production (instant or delayed) and the scattering processes appear to be significant. Note that we additionally checked the effect of the nuclear equation of state, used in the simulation, on the two hyperon strangeness exchange process. We find, in accordance with [34] , that there is no significant dependency of the final Ξ/Λ ratio on the equation of state used.
V. CONCLUSION
We implemented the Y-Y strangeness exchange reaction in UrQMD and compared with HADES data. The exchange process is the dominant channel for Ξ production. The Ξ − /Λ ratio is still significantly smaller than what is observed with HADES. However, we observed that the ratio appears to be not energy dependent at the two sub-threshold energies investgated. Systematic uncertainties in the Λ production and treatment of scattering processes can account for some but not the whole difference between the RVUU and UrQMD model predictions. In conclusion we can state that the large Ξ yield at HADES is not fully explained within our model which gives a similar (but slightly larger) Ξ/Λ ratio as the thermal fit. We also observe that the before mentioned ratio is almost constant within the beam energy range of the HADES experiment. We also observed that the explicit treatment of strangeness production (direct or through resonance) has a significant effect on multi-strange hyperon production.
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The isospin factor for each reaction can be read from the interaction terms of the Lagrangian: 
